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Quantum dots (QDs) are applied in various fields including light-emitting devices, bio-sensing due to 
their unique optical properties. Although cadmium-based quantum dots have high photoluminescence 
quantum yield and narrow emission line widths, use of cadmium in synthesis process could bring related 
environmental issues and restrict quantum dot application to certain fields like in vivo bio imaging. To 
solve those issues, Ⅲ-Ⅴ quantum dots like indium phosphide quantum dots (InP QDs) are considered 
as substitution for cadmium-based QDs. However, most of recent studies of InP QDs used 
tris(trimethylsilyl)phosphine ((TMS)3P) as phosphine precursor, which is expensive, highly toxic and 
creates pyrophoric substance in contact with air. 
 For general QD synthesis, lab-scale batch processes using typical flasks are mostly conducted. 
However, due to difficulty in scale-up and time-consuming preparations, those processes are 
inappropriate for continuous mass production. 
 In Ⅲ-Ⅴ QD synthesis, especially for InP QDs, phosphine precursors like aminophosphines are 
considered as replacement for (TMS)3P with relatively lower price and higher stability in the air. Also, 
due to the advantages such as efficient controls of temperature and high surface-to-volume ratio, 
microfluidic reactors are starting to gain attention as suitable media for various nanoparticle synthesis. 
For these reasons, this article studies about the synthesis of InP nanocrystals (NCs) and QDs using 
aminophosphine as phosphine precursor and steel-based microreactor system. Application of 
microreactor in the process showed the possibility of continuous synthesis of InP NCs and QDs, as well 
as simple tuning of 1st exciton peak of the products via changing the variables such as flow rate, 
temperature, halide exchange of indium precursor and dodecanethiol (DDT) addition. Synthesis of 
InP@ZnS Core@Shell-structured QDs is also conducted in microreactor, showing similar PLQY of the 
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Chapter Ⅰ : Introduction of microfluidic reactor and its application on 
nanocrystal synthesis 
 
1.1. Definition of microfluidic reactor 
 
‘Microfluidic reactor’ (MFR) means the reactor which its volume is very small, in the general range 
of microliters to nanoliters. Nowadays, MFRs are applied in various fields including physics, chemistry 
and biology. MFRs show unique behaviors different from conventional batch reactor and continuous 
reactor. 
 The unique behavior of MFRs is based on their small volume and channel size. Small volume and 
channel size of reactors make properties like surface tension, energy dissipation, resistance between 
channel and fluid dominant in the system. Study of microfluidic reactor includes the design of reactor 
structures, as well as the study of unique behaviors and characteristics of the reactors.[1-3] 
 Channel diameter of microfluidic reactors typically have the size of 100 nm to 500 um. Due to its 
small size of channel and volume, fluids in the reactor process with behavior of laminar flow with low 
Reynold number. In the matter of mixing in multi-flow reaction using laminar flow, diffusion between 
fluid flows became dominant.[4] However, mixing mainly occurred by diffusion takes long time, which 
is inefficient. To overcome the problem of mixing in the microfluidic reactors, segmented flow made 
from immiscible liquids or gas and liquid phase flow is applied to increase the mixing efficiency on the 
each of segmented slugs. Also, droplet flow is applied to the system to enhance the efficiency of mixing, 
which is similar from segmented flow.[5,6] 
 Advantages of MFR is based on its small volume. First, with small volume, temperature and heat on 
the reactors can be easily controlled since heat transfer and other transport phenomena in the reactors 
are occurred much faster and more efficient than that of conventional reactors. Also, microfluidic 
reactors require small amounts of reagent to proceed reactions. That means, it can save the energy and 
reagents from each reaction and can handle toxic and reactive substances much safer, especially when 
the situations like reactor leakage happens.[7,8] Lastly, microfluidic reactors are suitable for applying 
pressurization process.[9] 
 Clogging of channels and inhomogeneity of surface-to-volume ratio due to damaging and corrosion 
are considered as disadvantages,[10,11] but those problems can be solved from changing the structural 
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design and flow behaviors of the reactors.[12,13] 
 In the matter of producibility, microfluidic reactor’s small volume can be a disadvantage because of 
its low throughput. However, through increasing flow rate by changing reactor substances and 
parallelization of multiple reactors, which called Scaling-out, throughput of microfluidic reactors can 



















1.2. History of microfluidic reactor 
 
The origin of the microfluidic reactor goes up to late 1960s, which based on the gas chromatography 
used at Stanford university and inkjet printer invented by IBM.[15] 
However, the concept and research of microfluidic reactor was started much earlier, which is the study 
of Jean Leonard Marie Poiseuille and Gotthilf Heinrich Ludwig Hagen about fluids in capillary and the 
well-known Hagen-Poiseuille equation based on that study. 
 After the prototypes of microfluidic reactor and related devices were reported in late 1960s, 3D 
printing invented in 1980s showed a possibility about crafting the microfluidic reactor that can be used 
in various chemical reactions. 3D printing enabled the fabrication of the reactors with third-dimensional 
structure and integrated multilayer reactors in simple way. Later, 3D printing also helped to set the 
standardization of microfluidic reactors.[16] 
 The first integrated micro-volume component devices based on silicon wafer was created using 
silicon etching process for mainly creating microelectronic devices This new devices called ‘MEMS’ 
(Micro Electro Mechanical Systems), showed potential possibility of applying on the many industrial 
fields. 
In 1990s, MEMS were widely applied on fields such as biology, chemistry and pharmacology. Also, 
microfluidic reactors related to Lab-on-a chip were starting to be created. Since controlling and 
analyzing the certain flow patterns in the microfluidic reactors are important to MEMS, those 
applications in various field of study triggered the revolution of the research on microfluidic reactors.[17] 
After that, the fundamental study about the fabrication of miniaturized capillary for chemical analysis 
based on electrophoresis by Andreas Manz and the prototype of polydimethylsiloxane (PDMS) -based 
microfluidic reactor system created by George Whitesides and coworkers were published. Simple and 
fast fabrication and design of microfluidic reactor using photolithography introduced at the study of 
George Whitesides had a huge impact on the fabrication methods and related studies.[18] 
Nowadays, many types of microfluidic reactors fabricated from 3D printing and other methods are 
broadly used in various fields, especially in the field of biology and chemical synthesis. Lately, with the 
advantage of versatility on fabricating microfluidic reactors, the reactors also applied in fine chemistry 




1.3. Fabrication of microfluidic reactor 
 
Microfluidic reactors can be fabricated from various materials. Characteristics of the reactor can be 
different from its material used in fabrication. 
Steel-based microfluidic reactors have the advantage that they can operate in the extreme conditions, 
such as high-temperature and high-pressure condition. Also, with materials like steel capillary, it can 
design the reactor system in simple and convenient way. However, steel-based reactors can be corroded 
by certain chemicals like strong acid. Metals resistant to acids and chemicals are required to fabricate 
such reactors operating with those substances.[19,20] 
 To endure such chemicals, microfluidic reactors can be fabricated by using silicon, glass or 
ceramics.[21,22] These types of reactors can also be used in high-temperature condition. Also, those 
materials are chemically stable, which have high resistance to acid and such chemicals. Especially for 
Silicon-based microfluidic reactors, high thermal conductivity of silicon makes the heating and 
controlling the temperature on the reaction system more efficient. Also, when combined with glass, 
silicon-based microfluidic reactors can achieve visibility while maintain advantages mentioned above. 
Typically, those silicon-glass hybrid reactors are fabricated with method inducing chemical bonding 
between the materials such as anionic bonding, leading to sustain at the high temperature and pressure 
conditions. However, fabrication of those systems is complex and expensive. Reactor failure when using 
strong base can also be the problem. Glass microfluidic reactors have low thermal conductivity due to 
its fabricating material, which could be not suitable for reactions required efficient heating.[21,23] 
Besides the steels and ceramics as the fabrication materials, polymer can be the material for crafting 
the reactors. Poly(dimethylsiloxane) (PDMS) is mainly used to fabricate the microfluidic reactors, 
especially for biology application. Polymer-based microfluidic reactors have advantages of easy and 
simple fabrication owing to method like 3D printing, showing the possibility of mass production of the 
reactors. However, swelling and dissolution of reactor when using organic solvent restrict its 
application.[24] Using fluoropolymer as reactor material can be the solution, but in that case, weak 




























































Figure 4. a) Photograph of silicon-based reactor with inlets and outlets b) Scanning electron 
micrograph of the junction between the capillary and the outlet c) Scanning electron micrograph of 





























1.4. Application of microfluidic reactor on nanocrystal synthesis 
 
Applications of the microfluidic reactors are previously mentioned. Among the applications, there are 
numerous studies about synthesis of nanoparticles using the microfluidic reactors. 
 Optical nanoparticle synthesized applying microfluidic reactors are mainly Ⅱ-Ⅵ quantum dots (QDs) 
like cadmium-based QDs. With the chip microreactor and capillary, Yang at el. designed the continuous 
system of synthesizing CdSe@ZnS Core@Shell-structured quantum dot. Also, Kwon at el. crafted the 
continuous microfluidic reactors made from single capillary for ZnSe nanocrystals (NCs) synthesis.[28-
30] Also, for the synthesis of cadmium-based NCs and QDs, there are many studies about microfluidic 
reactors applying liquid-gas segmented flow and droplet flow to change the flow patterns, enhancing 
the quality of the products by removing inhomogeneity between nanoparticles in the middle of 
reaction.[31-33] 
 Studies about synthesizing Ⅲ-Ⅴ nanocrystals such as Indium phosphide (InP) on the microfluidic 
reactors are also conducted. By using silicon-Pyrex hybrid microreactor, Baek at el. succeeded the 
synthesis of InP NCs at the high temperature, high pressure conditions, while changing the reaction 
temperature and the flow rate and flow composition of reagent flow.[9] Similar from synthesis of 
cadmium-based NCs, micro systems made of single capillary or semi-batch process are also used to 
synthesize the InP NCs.[34,35] 
 Besides, Capillary microreactor system for synthesizing the CsPbX3 perovskite NCs and QDs, 
microfluidic systems for Ⅵ-Ⅳ quantum dots and the system for graphene quantum using microfluidizer 
are also created, proving that there are numerous on-going studies conducted for nanoparticle synthesis 
using microfluidic reactors and related devices and systems.[36-38] 
For extension of the nanoparticle synthesis on microfluidic reactors, purification processes of crude 
nanoparticle solution using microchannels and related systems are proposed by Lim at el., applying 
microchannel system with electrophoresis to continuously process the crude solution, while Shen at el. 
designed the microchannel system based on liquid-liquid extraction and membranes. These researches 
showed that the potential of the microfluidic reactor systems for integrating the entire chemical 
synthesis process on the one continuous system, while saving time and resources used in typical batch-

















Figure 6. Schematic of the microfluidic reaction system for the continuous synthesis of CdSe/ZnS 




















Figure 7. Reactor with heated reaction region and cooled outlet zone, a through-etch section ensures 
that the two regions are thermally isolated; a) heated inlets b) main channel section c) time-exposure 

















Figure 8. Three-stage high-temperature and high-pressure microfluidic system for synthesis of InP 
































Figure 10. a) Illustration of the droplet-based microfluidic platform for synthesis of CsPbX3 
perovskite NCs b) Image of the generated droplets after exiting the heating zone taken under UV 








Quantum dots (QDs) are widely used at semiconductors, optical devices[41-43], Bio-imaging 
technologies[44-46] and solar cells[47,48]. 
Among the various QDs synthesized until today, many studies and researches mainly focused on 
cadmium-based QDs such as cadmium selenide QDs (CdSe QDs) and cadmium sulfide QDs (CdS QDs) 
as the subjects for QD synthesis, because cadmium-based QDs have high photoluminescence efficiency 
and selectivity, while having broad emission ranges.[49,50] 
Besides those Ⅱ-Ⅵ quantum dots, Ⅲ-Ⅴ quantum dots like indium phosphide QDs (InP QDs) and 
organic, inorganic or organic/inorganic hybrid perovskite NCs with simple synthesis methods and high 
photoluminescence efficiency, narrow FWHM and broad emission ranges are also considered as new 
materials for optical devices.[51] 
Although cadmium-based QDs have many advantages such as narrow FWHM and simple band-gap 
control, use of cadmium in synthesis may induce the environmental issues, restricting the ranges of 
application. This is mainly due to international regulation about environmental issues and concerns 
about safety of cadmium-based QDs as tools for bio-imaging and crafting electronic devices.[52-54] 
CsPbX3 perovskite QDs have similar problems because of lead in the products.[53,55] Also, unlike the 
cadmium-based QDs which show high stability in the air, perovskite NCs and QDs show low stability, 
which makes them hard to commercialize without additional treatments.[53,56-58] 
To resolve those problems, InP QDs are considered as the substitution to QDs previously mentioned. 
Relatively broader FWHM and lower photoluminescence efficiency compared to that of cadmium-
based QDs are pointed as problems, but thanks to many studies, the properties of InP QDs are getting 
enhanced through additional methods. From those, the results of InP QDs with high photoluminescence 
and narrow FWHM are being published. Unlike cadmium-based QDs and lead-based perovskite QDs, 
InP QDs are free from environmental issues related to heavy metals and can be used at in vivo 
applications.[52,59-61] 
In typical InP NC synthesis, tris(trimethylsilyl)phosphine ((TMS)3P) is mainly used as phosphine 
precursor. But the problem is, (TMS)3P is expensive and highly reactive, also pyrophoric in the air.[62] 
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In the matter of synthesis process, process which injects the phosphine precursor in the middle of 
reaction, called ‘Hot-injection method’, is mainly used in lab-scale or batch-scale reaction. However, 
in the larger scale system, the method could be inappropriate because of the issues about heat and mass 
transfer in the reaction system, which can lead to temperature and concentration gradient to synthesize 
inhomogeneous products. Synthesis techniques like ‘heating-up method’, which put all precursors at 
the first of process, are proposed,[63-65] but they cannot remove the problems induced by temperature 
and concentration gradients. 
 To solve the problems, phosphine precursors based on aminophosphine, like 
tris(dialkylamino)phosphine are used to replace typical (TMS)3P. Aminophosphines are inexpensive 
and relatively stable under the atmosphere compared to (TMS)3P. 
Studies about InP QD synthesis using aminophosphine and corresponding mechanisms are already in 
progress, in fact, there are cases of synthesizing high-quality InP QDs with aminophosphine.[52,62,66] 
Also, from recent studies, aminophosphine-based InP QDs show the possibility of applying LaMer 
model, which explains about the mechanism of Ⅱ-Ⅵ NC formation. Those results could solve the 
problem about broad size distribution of InP NCs caused by high reactivity of phosphine precursor if 
applied properly.[67] 
For scale-up issues in conventional batch-based processes, continuous synthesis using microfluidic 
reactors can be the solution. There are already many studies published about use of microfluidic reactors 
on continuous synthesis of various QDs, in both small and large scale.[9,12,28,30,31,32,36,37,68] However, there 
is no results of applying aminophosphine-based InP NCs synthesis on continuous microfluidic reactors. 
In this study, aminophosphine-based synthesis of InP NCs and InP@ZnS core@Shell-structured QDs 
using stainless steel microfluidic reactor is discussed. The study contains fast and continuous synthesis 





2.2. Experimental session 
 
2.2.1. Overall setup of microfluidic reactor system 
 
Figure 11 shows the schematics of the reactor and its system. The shape of the channels is sinusoidal 
and each reactor parts are attached physically with bolts. 
Reagents are injected into the system with Harvard Apparatus PHD 2000 HVP Programmable Syringe 
Pump 70-2023 and 20 ml Harvard Apparatus steel syringes. Syringes and reactor parts are connected 
by 1/16” SUS316 tubes. Volume of the reactor is about 160 μl, with channel length and height of 1 mm. 
The dimension of each reactor plates is 100 X 55 X 12 mm, as size of upper and lower plates are same. 
To prevent the leakage result from physical attachment of the plates with bolts, gasket made of 
multilayers of Teflon tapes is added. Temperature control of reactor system is conducted by feedback 
controller, which probe is added between the each of reactor plates with the gasket. 
For this system, 1-Octadecene (ODE) is used to clean the channels. Figure 12 shows the comparison 
between ODE which passed through newly formed channels and ODE passed the fully-washed channels 
through absorption graphs. According to the graphs, there are no differences between the results. 
Therefore, it proves that the reactor can be recycled through cleaning with the pure ODE. 
The shape of channels is sinusoidal. Sinusoidal shape is typically used in design of microreactor 



















































Indium(Ⅲ) chloride (InCl3), Zinc chloride (ZnCl2), Oleylamine (97%) (OAm), 
tris(diethylamino)phosphine (DEAP), tert-dodecanethiol and 1-Octadecene (ODE) are purchased from 
Sigma-Aldrich. Indium (Ⅲ) bromide (InBr3) and Indium (Ⅲ) iodide (InI3) are purchased from Strem. 
All the chemicals are used without further purification. 
 
2.2.3. Preparation of stock solutions 
 
InCl3 0.6 g, ZnCl2 1.8 g and 30 ml of oleylamine are prepared in 100 ml 2-neck round bottom flask 
under inert conditions. For degassing, prepared solution is heated to 120 ℃ for 90 minutes. After 
temperature of the mixture dropped down to RT, 2.76 ml of DEAP is injected under inert conditions. 




UV-Vis absorption graphs of InP NCs are characterized by Shimadzu UV-1800 UV-VIS 
Spectrophotometer. XRD spectrum of InP NCs is measured by Rigaku D/MAX2500V/PC High Power 





2.3. Result and discussion 
 
2.3.1. Synthesis of InP NCs at various temperature ranges 
 
Figure 13 shows the UV-Vis absorption graphs of InP NCs synthesized at the temperature of 180, 
200, 220 ℃, with fixed flow rate of 50 μl/min. 1st exciton peaks are measured at 560 nm, 600 nm and 
610nm, respectively. 
According to the figure, 1st exciton peak is getting red-shifted as the reaction temperature increases. 
This trend of results corresponds to that of the batch synthesis. With the similar behaviors of the product 
about red-shift of 1st exciton peak and increase of temperature, we can assume that the reaction 
conducted in microfluidic reactor follows the similar way of batch process. 
In same flow rates, 1st exciton peak is getting broader as the temperature increases. Relative reactivity 
of DEAP, which is lower than that of (TMS)3P, may one of the reason of broadening of the peak. As 
temperature increases, reaction rate is also increases. From that conditions and the difference of the 
reactivity of the chemicals, the products based on DEAP has more broader size distribution as reaction 
occurred in slower rate. 
Also, reaction is processed under laminar flow. From the characteristics of the laminar flow, induced 




















2.3.2. Synthesis of InP NCs at various flow rates 
 
Figure 14 shows the UV-Vis absorption graphs of InP NCs synthesized at the flow rate of 25 μl, 75 
μl and 100 μl/min, with fixed temperature of 180 ℃. 1st exciton peaks are measured at ranges of 550 
nm to 620nm. 
From those results, it is clear the position of 1st exciton peak is affected by temperature and flow rate. 
As flow rate increases in the same temperature, 1st exciton peak is getting shifted to shorter wavelength 
range, since increase of flow rate means decrease of residence time and reaction time. 
In same temperature, 1st exciton peaks of the products are broadened as the flow rate increases. It can 
be explained by velocity gradients in the laminar flow, which increases as flow rate increases. Velocity 
gradients in the flow induces the velocity differences between each velocity layers, which leads to 
inhomogeneous residence time and broader size distribution of the nanoparticle in the reaction flow. 
This trend is more notable when the temperature is getting increased. 
According to the results, change of temperature to control the position of 1st exciton peak is more 
effective than change of flow rate in the synthesis of InP NCs through the microfluidic reactor system. 
The reason is, as both temperature and flow rate increases, the position and shape of the peak is more 
depending on the change of temperature. 
In short, band-gap of InP NCs synthesized through the reactor system can be easily controlled via 
change of temperature and flow rate of the system. These results are corresponded to previous results 
from batch reactors, which the peak is shifted as temperature and reaction time is changed. In same way, 
the characteristics of products synthesized from microfluidic reactors are affected by the temperature 
and flow rate of the reactor system, which flow rate is corresponded to reaction time. The advantage of 
microfluidic reactor over the batch reactor is synthesis of InP NCs with various absorption peak with 


























Figure 14. Absorption graph of InP NCs synthesized at 25, 75 100 μl/min with fixed temperature of 
180 ℃  
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2.3.3. Synthesis of InP NCs with halide exchange of indium precursor 
 
Figure 15 shows the UV-Vis absorption graphs of InP NCs synthesized by changing the halide of 
indium precursor. (InX3, X = Cl, Br, I) 
With those so-called ‘halide exchanges’ of indium precursor, 1st exciton peaks of the products are 
getting blue-shifted as the period of halide is increased. 1st exciton peak of InP NCs synthesized by 
using InI3 is measured at 450 nm and the peak of InP NCs synthesized by using InBr3 is measured at 
500 nm. The results show significant shift of the peak compared to that of changing temperature and 
flow rate. 
According to previous literature work of Tessier at el., surface reaction rates are changed when 
halides are adsorbed on the surface of InP NC, which resulted from interaction between InP NCs and 
halide or steric effect. Also, surface which can adsorb additional reactant is reduced when the halide 
atoms are adsorbed on the surface and this effect is more dominant as the size of halide atom is getting 
bigger. Therefore, the surface reaction rate is decreased and eventually interrupt the growth of InP NCs. 
With these reasons, halide exchange affects the final size of InP NCs, which related to 1st exciton peak. 













Figure 15. Absorption graph of InP NCs synthesized from different indium precursor (InX3, X=Cl, 




2.3.4. Synthesis of InP NCs with addition of tert-dodecanethiol 
 
Figure 16 shows the UV-Vis absorption graphs of InP NCs synthesized with addition of tert-
dodecanethiol (tert-DDT), while changing the concentration of the chemical. 
In InP QD synthesis, lewis base such as oleylamine competes with phosphine precursor to bond with 
the In-P intermediates within the reactants while composing the InP cores. This process is important to 
decide the size of the InP cores. DDT, as strong lewis base, also interrupt the formation of InP cores, 
cause to create smaller cores. From this, InP NCs with shorter absorption wavelength can be synthesized 
from addition of DDT.[53] 
Also, the temperature and flow rate conditions of reactor system are adjusted because of the reasons 
mentioned previously. 
As from the Figure 16, although synthesized at the conditions of higher temperature and lower flow 
rate than previous reference conditions, which are temperature of 180 ℃ and flow rate of 50 μl/min, 1st 
exciton peaks of the products are measured at much shorter wavelength, which ranges of 470 nm and 
520 nm. Also, the peak of the products show more confine than previous results. We can assume that 
the effect of tert-DDT restricts the size of the InP NCs in certain degree, lead to decrease of size 
distribution. As a proof of the trend, 1st exciton peaks are getting broader as concentration of tert-DDT 














Figure 16. Absorption graph of InP NCs synthesized from tert-DDT-added precursor, with fixed 





2.3.5. Comparison between MFR-based InP NCs and batch-based InP NCs 
 
 Figure 17 shows absorption graphs of samples synthesized using batch and MFR systems. Each 
product is synthesized at temperature of 180 ℃. Flow rate for MFR systems is set to 50 μl/min. 
 For the batch products, absorption graph of the products shows that the 1st exciton peak is reached to 
certain wavelength in 10 minutes, meaning that actual reaction of NC growth is completed in that time. 
Considering a volume of microfluidic reactor, residence time of reagent flow in the reactor is 
calculated below 3 minutes. Comparing the products from batch and microfluidic reactor systems at 3 
minutes, the 1st exciton peak of MFR products is much more red-shifted than the peak of batch products, 
meaning that the size of NCs from MFR is bigger than the size of batch products. The result indicates 
that heat transfer in the MFR systems is more efficient than that in the batch system on the same 
temperature condition. 
1st exciton peak of MFR samples is broader than the peak of batch samples, showing that the products 































Figure 18 shows the XRD spectrum of InP NCs synthesized at the conditions of 180 ℃ and 50 μl/min. 
Through the spectrum, the existence of InP peak tells the products contain the component of InP. Besides 
InP peak, distinct peaks of ZnO are also detected. Since zinc is easy to oxidize, these peaks are mainly 
based on oxidized zinc, which may created during the washing step of crude solution.  
From the measured peaks, the result shows the peaks corresponded to the published XRD data. Peak 
of (1 1 1) plate at 2Θ = 26.28, (2 2 0) plate at 2Θ = 43.58 and (3 1 1) plate at 2Θ = 51.6 are detected, 
meaning that the products synthesized from microfluidic reactor systems are mainly consist of zinc 
blende-structured InP NCs. 
Figure 19 shows the TEM images of InP NCs synthesized at the same conditions. In TEM images, 
we can detect the crystal structure of InP NCs, meaning that the products created by using current 
microfluidic reactor system are same as those of the batch system. Through the 20 samples in following 













Figure 18. XRD spectrum of InP NCs synthesized at 180 ℃ and 50 μl/min 
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In this chapter, synthesis of InP NCs using aminophosphine as phosphine precursor and versatile steel 
reactor is shown. 
For conditions of reactor system, 1st exciton peaks of InP NCs are shifted through changing the 
reaction temperature, flow rate, halide part of indium precursor and adding tert-DDT. Also, the 
behaviors of the synthesis in the microfluidic reactor system is similar from that of the batch reactor 
system. 
As flow rate decreases, 1st exciton peaks of the products are red-shifted as residence time is increased, 
as well as reaction time is increased. For halide exchange of indium precursor, 1st exciton peaks are 
blue-shifted as the period of halide increases, which leads to the increase of the size of synthesized NCs. 
tert-DDT, as strong lewis base, also affects the decrease of the size of InP NCs, cause the blue-shift of 
1st exciton peaks. 
TEM and XRD data show crystal structures of InP NCs and detect the InP peak within the products, 
proving the products synthesized from microfluidic reactor system are InP NCs.  
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Chapter Ⅲ : Synthesis of InP@ZnS Core@Shell-structured quantum dots 




For InP NCs, they have low photoluminescence quantum yield (PLQY) as value of ~1% with only 
core structure. This result comes from the surface defect and lattice mismatch of InP NCs, as well as 
from non-radiative surface recombination sites and activation barriers for carrier detrapping.[69-72] 
To resolve these issues, typically, chemicals like zinc and selenium or zinc and sulfur are used in shell 
growth on InP cores, to create the core@shell structure of NCs. Those shells on the surface of NCs 
reduce the surface defect and lattice mismatch, while increase the stability of the cores. 
Core@shell-structured InP QDs can have high PLQY of 40% - 70% and narrow FWHM of 45 nm. 
Also, those QDs show similar ranges of emission and absorption wavelength compared to cadmium-
based QDs, which are red to green.[73] 
In shell growth, band-edge energy offset between core and materials used at shell growth and lattice 
mismatch between surfaces are important, which determine the optical properties of final products.[74] 
These shells also help the surface passivation of the cores. 
In this chapter, synthesis of core@shell-structured InP@ZnS QDs using tert-DDT and microfluidic 
reactor system is described. Comparison of the products from the microfluidic reactor system with other 




3.2. Experimental session 
 
3.2.1. Overall setup of microfluidic reactor system 
 
Figure 20 shows the schematics of the reactor and its system for core@shell-structure QDs. The shape 
of the channels is sinusoidal and each reactor parts are attached physically with bolts. 
Reagents for core and shell synthesis are injected into the system with Harvard Apparatus PHD 2000 
HVP Programmable Syringe Pump 70-2023 and 20 ml Harvard Apparatus steel syringes. Syringes and 
reactor parts are connected by 1/16” SUS316 tubes. For core synthesis part, volume of the reactor is 
about 160 μl. Volume of the reactor for shell growth is about 270 μl. Channel length and height of both 
reactor channels are 1 mm. The dimension of each reactor plates is 100 X 55 X 12 mm, as size of upper 
and lower plates are same. To prevent the leakage result from physical attachment of the plates with 
bolts, gasket made of multilayers of Teflon tapes is added. Temperature control of reactor system is 
conducted by feedback controller, which probe is added between the each of reactor plates with the 
gasket. 
After the reaction is concluded, ODE is used to clean the both reactors for recycling. 
The shape of channels is sinusoidal, which is same as the reactor for NC synthesis. Reasons of 




















Indium(Ⅲ) chloride (InCl3), Zinc chloride (ZnCl2), Oleylamine (97%) (OAm), 
tris(diethylamino)phosphine (DEAP), tert-dodecanethiol and 1-Octadecene (ODE) are purchased from 
Sigma-Aldrich. All the chemicals are used without further purification. 
 
3.2.3. Stock solution for core synthesis 
 
The process is same as mentioned in chapter Ⅱ. InCl3 0.6 g, ZnCl2 1.8 g and 30 ml of oleylamine are 
prepared in 100 ml 2-neck round bottom flask under inert conditions. For degassing, prepared solution 
is heated to 120 ℃ for 90 minutes. After temperature of the mixture dropped down to RT, 2.76 ml of 




UV-Vis absorption graphs of InP NCs are characterized by Shimadzu UV-1800 UV-VIS 
Spectrophotometer. PLQY is measured by Otsuka QE-2000 Quantum Efficiency Measurement System. 
XRD spectra of InP NCs are measured by Rigaku D/MAX2500V/PC High Power XRD. Lastly, TEM 




3.3. Result and discussion 
 
3.3.1. Synthesis of InP@ZnS Core@Shell QDs and comparison between MFR samples and 
batch samples 
 
Reaction process is presented in the Figure 20. For core synthesis, temperature and flow rate are set to 
180 ℃ and 60 μl/min, respectively. For shell synthesis, temperature and flow rate are set to 280 ℃ and 
30 μl/min, respectively. Each condition is based on the conditions of the batch process. 
Figure 21 shows absorption graphs and PL spectra of core@shell-structured InP@ZnS QDs from 
microfluidic reactor system and conventional batch system. Figure 22 shows emissions of the products 
corresponded to each synthesis methods, using UV lamps. 
According to the PL spectra, PLQY of InP@ZnS QDs synthesized from microfluidic reactor is about 
31%, whereas PLQY of QDs from batch system is 38%. The results show that the PLQY of QDs from 
microfluidic reactor is similar with the data from batch system. 
FWHM of QDs from microfluidic reactor is measured as 85 nm, whereas FWHM of QDs from batch 
system is measured as 51 nm. Measured FWHM values of each products tell that the products 
synthesized from microfluidic reactor system have broader size distribution than that of products from 
batch system. In other word, the products from batch system are more homogeneous than the products 
from microfluidic reactor. The main difference of size distribution between those products is based on 
laminar flow on the microfluidic reactor. As previously described, in nanoparticle synthesis on the 
microreactor, characteristics of laminar flow could induce the size distribution between each 










Figure 21. Absorption and PL spectra of InP@ZnS Core@Shell QDs from microfluidic reactor and 















Figure 22. UV emission of the products from microfluidic reactor and conventional batch reactor 






Figure 23 shows the XRD spectrum of InP@ZnS core@shell QDs synthesized at the conditions 
described at 3.3.1. Through the spectrum, the existence of InP and ZnS peak tells the products contain 
the component of InP@ZnS QDs. Besides those peaks, distinct peaks of ZnO are also detected. Similar 
with XRD spectrum of InP NCs, these peaks are mainly based on oxidized zinc, which assume to be 
created during the washing step of crude solution. 
From the measured peaks, the result shows the peaks corresponded to the published XRD data. Peak 
of (1 1 1) plate at 2Θ = 26.28, (2 2 0) plate at 2Θ = 43.58 and (3 1 1) plate at 2Θ = 51.6 are detected. 
This result shows that the InP cores synthesized from following systems are same NCs synthesized from 
previous NC synthesis. Also, following XRD data show the corresponded ZnS peaks and their plates, 
meaning the synthesized products from the systems are zinc blende structured-InP@ZnS QDs. 
Figure 24 shows the TEM images of InP@ZnS QDs synthesized at the same conditions. In TEM 
images, we can detect the crystal structure of InP@ZnS QDs, proving that the products from 
microfluidic reactor system are same as those of the batch system. Through the 20 samples in following 













Figure 23. XRD spectrum of InP@ZnS Core@Shell QDs
(1 1 1) 
(2 2 0) (3 3 1) 
















In this chapter, synthesis of InP@ZnS core@shell-structured QDs using versatile steel reactor and 
aminophosphine and tert-DDT as phosphine precursor for InP Cores and shell growth material is shown. 
InP@ZnS core@shell-structured QDs from microfluidic reactor have the values of PLQY and 
FWHM as 31%, 85 nm, respectively, whereas the QDs from batch system have the values of 38%, 51 
nm, respectively. Broader size distribution of microfluidic reactor-based QDs is caused by laminar flow 
on the reactor. 
Through TEM and XRD measurements, corresponding data prove that the products synthesized from 
microfluidic reactor system is similar with the products from batch system. Also, detection of InP and 






This thesis studied about the synthesis of aminophosphine-based InP NCs and InP@ZnS core@shell-
structure QDs using versatile steel reactor system. 
For synthesis of InP NCs using the reactor system, the effects of temperature and flow rate on the 
reaction and trend of products are studied. 1st exciton peaks of InP NCs are red-shifted as temperature 
increases, or flow rates decreases. In opposite conditions, 1st exciton peaks of InP NCs are blue-shifted. 
Band-gap control through changing halide part of indium precursor and adding tert-DDT is also studied. 
These results show the possibility that microfluidic reactor can synthesize InP NCs with wide range 
of absorption and emission range through changing simple factors like flow rate in continuous way. 
Synthesized products are characterized by XRD and TEM, proving the products are same as that of 
batch system. 
For synthesis of InP@ZnS core@shell-structured QDs, the results show the possibility of simple 
process based on microfluidic reactors, integrating the entire processes of core synthesis and shell 
growth in one system. 
InP@ZnS QDs from microfluidic reactor show similar PLQY, which is 31%, with the products from 
batch system, which is about 38%, whereas FWHM of the products from microfluidic reactor is wider 
than that of the products from batch system. We assume that this problem could be solve through 
changing the flow patterns, such as applying segmented flow or droplet flow. 
In conclusions, integrated systems based on microfluidic reactors for InP NCs and QDs give possibility 
of applying complex synthesis methods like SIRAL to the reactor systems, conducting the methods 
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